Background--Fasting plasma glucose (FPG) levels can vary over time and its longitudinal changing patterns may predict cardiometabolic risk. We aim to identify different trajectories of FPG in those who remained normoglycemic and investigate the association between trajectory groups and coronary heart disease risk in a large prospective cohort study.
I
t had been well documented that prediabetes mellitus and diabetes mellitus increase the risk of coronary heart disease (CHD). [1] [2] [3] Among the 3 indexes commonly used to diagnose diabetes mellitus-fasting plasma glucose (FPG), 2-hour PG, and hemoglobin A1C-FPG is cost-effective and widely used. Thus, the association between FPG and CHD had been extensively studied. Park et al 3 reported a J-shaped association between fasting glucose levels and cardiovascular disease risk across the full range of FPG values. It had also been demonstrated that the angiographic CHD prevalence increases with increasing FPG levels. 4 Even FPG levels within the normal range predict cardiovascular disease in the elderly population in Taiwan. 5 Similar findings have been reported in other populations. 6, 7 Furthermore, Shaye et al 6 showed that FPG may help identify apparently healthy people with early metabolic abnormalities who are at increased risk for cardiovascular disease before progression to prediabetes mellitus and overt diabetes mellitus.
Most of these studies, however, used a single measurement. It is known that FPG levels vary over time and their variability may predict cardiometabolic risk. Single measurements may also preclude the examination of long-term trajectories of FPG and their relevance to the development of cardiometabolic diseases, including CHD. A life course approach using multiple FPG measurements over time may shed new light on FPG trajectories and their relevance to the development of CHD. Such an approach will likely provide critical information for identifying people with increased risk of development of CHD even if FPG levels are within a normal range, and has implications for prevention and intervention.
In the current study of 20 514 participants with normal FPG levels over time, we first used a group-based trajectory model (GBTM) 8 to identify latent FPG trajectory groups and investigated the association between such trajectory group memberships and CHD risk adjusted for other potential confounding factors. As normal FPG levels may go unnoticed in clinical practice, we focused on those who had consistent normal FPG levels during the whole follow-up period.
Methods Ethics Approval
This study protocol was approved by the ethics committee of School of Public Health, Shandong University. Written informed consent was obtained from all participants. The data that support the findings of this study are available from the corresponding author upon reasonable request. 
Study Population and Cohort Design

Outcome
The outcome was CHD. The routine health check-up database was linked to databases from the Office for Medical Insurance in Shandong Province, hospital admissions, and vital statistics from the Provincial Center for Disease control by using a unique identity number for each participant. We classified participants as having CHD if there was a record of the relevant clinical code in their medical insurance record, their linked hospital record, or their linked mortality record. We used International Classification of Diseases, 10th revision (ICD-10) clinical codes to identify cases. The ICD-10 codes
Clinical Perspective
What Is New?
• Three different trajectories of long-term normal fasting plasma glucose are identified, which are independently associated with the risk of coronary heart disease.
What Are the Clinical Implications?
• Individuals, even apparently healthy with normal fasting plasma glucose, should pay more attention to the longitudinal changing pattern of fasting plasma glucose level for prevention of coronary heart disease.
used included I20 (angina pectoris), I21 (acute myocardial infarction), I22 (subsequent myocardial infarction), I23 (complications after myocardial infarction), I24 (other acute ischemic heart disease), and I25 (chronic ischemic heart disease). The medical insurance records were available until September 14, 2016. We used the earliest recorded date of cardiovascular disease from the 3 data sources as the outcome date.
Statistical Analysis
All continuous variables were presented as meansAESD, or medians with interquartile ranges as appropriate. Categorical data were summarized as numbers or percentages. Characteristics across different groups were compared using analysis of variance or Kruskal-Wallis tests for continuous variables and v 2 statistics for categorical variables. We used GBTM to identify trajectory patterns of long-term normal FPG (<6.1 mmol/L for each examination). 10, 11 Using R package lcmm, 12 trajectories of long-term normal FPG were specified as a function of participant age, with adjustment for sex. For each specification of trajectory shape, we treated FPG as the dependent variable and repeated latent class trajectory analysis by changing the number of groups from 2 to 5. A linear term for age was used to specify the random effects of the model. Then we changed the trajectory shapes (eg, linear, quadratic, and cubic) to repeat the analysis in the above stage, respectively. We determined the optimal number of groups and trajectory shapes by the following criteria:
(1) improvement in the Bayesian information criterion; (2) no less than 2% membership in any single trajectory group; and (3) high posterior probabilities (>0.7).
We investigated the association between the trajectory group membership and CHD using Cox proportional hazard models, with group membership entered as an independent variable, adjusted for baseline age, sex, smoking, drinking, BMI, hypertension status, the year of the first check-up, and dyslipidemia. The proportional hazard assumption was diagnosed by Schoenfeld residuals, and the global test was not statistically significant with a P value of 0.13. We further adjusted for baseline FPG, the mean, and the SD of FPG calculated from repeated examinations, to explore whether the association between trajectory and CHD risk was independent of the FPG level (and variability).
Sensitive analyses were first conducted by repeating the trajectory model using different random starting values, to check the robustness of the trajectory curve. Furthermore, we calculated additional FPG measures, including the absolute or the relative difference of FPG between the last and the first examination, and the maximum of FPG levels among repeated health examinations of each participant. Then we included them in the multivariate model to confirm the robustness of the association between trajectory group membership and CHD.
Results
During the follow-up period, 361 CHD cases were identified and CHD incidence density was 3.3 per 1000 person-years. The 3 quadratic trajectories of long-term normal FPG derived from GBTM are shown in Figure -Panel A. We labeled them by the FPG value at age 20 years, followed by the increasing or decreasing pattern, group 1 (low-increasing; n=12 694, 61.88%), group 2 (high-increasing-decreasing; n=5330, 25.98%), and group 3 (high-decreasing-increasing, n=2490, 12.14%). The low-increasing group was characterized by a gradually increasing FPG with a relatively low starting FPG of 4.69 mmol/L at age 20 years and gradually increased to up to 5.29 mmol/L at age 80 years. The high-increasingdecreasing group was characterized by a relatively higher starting FPG of 4.80 mmol/L at age 20 years, and increased to up to 5.42 at age 55 years, and decreased thereafter. The high-decreasing-increasing group was characterized by a relatively higher starting FPG of 4.87 mmol/L at age 20 years, and decreased to 4.60 mmol/L at age 43 years, and increased thereafter. As expected, the 95% confidence interval becomes relatively larger at old ages because of fewer measurements as the age increased.
To further visualize the increasing or decreasing rate, we described the slope of these 3 trajectory curves in Figure - Panel B. For the low-increasing group, the slope was almost constant, indicating a stably monotonic increasing trend in FPG levels. In fact, the quadratic term for this trajectory curve was asymptotically equal to 0 (À0.00002). For the high-increasingdecreasing group, the slope decreased to 0 around age 55 years (the age with the maximum FPG), indicating that the increasing speed gradually decreased before age 55 years. Then the absolute value of the slope became larger, indicating that the decreasing speed gradually increased after age 55 years. For the high-decreasing-increasing group, the slope increased to 0 around age 43 years (the age with the minimum FPG), indicating that the decreasing speed gradually decreased before age 43 years. Then the slope became larger, indicating the increasing speed gradually increased after age 43 years.
The baseline demographic and metabolic characteristics and outcomes of the 20 514 participants stratified by the development trajectory are displayed in Table 1 . A significant difference of the CHD incidence density among these 3 groups (3.00, 4.05, and 3.26 per 1000 person-years, respectively) was observed. While all metabolic characteristics seemed to be normal since all subjects were within long-term normal FPG, participants in the high-increasing-decreasing group tended to have higher incidence density of CHD, high prevalence of family history of diabetes mellitus, lower highdensity lipoprotein and elevated BMI, blood pressure, FPG, total cholesterol, LDL, and triglyceride levels. Similar findings were observed at the last health examination ( Table 2) . Table 3 presents the association between the trajectory group membership and CHD using various Cox proportional hazard models. Treating the low-increasing group as the reference, the age-and sex-adjusted hazard ratio was 1.58 (95% confidence interval, 1.23-2.02) for the high-increasing- 
Discussion
In this large-scale follow-up study, we identified 3 distinct trajectories of FPG levels, within a normal range throughout the follow-up period, and disclosed the association between these trajectories and CHD risk. The phenomenon of only 3 trajectories may be partly because we limited the FPG within the normal level (3.9-6.1 mmol/L), which makes it challenging for the GBTM method to identify subtler patterns, such as zig-zag fluctuations, of trajectories. Among the 3 trajectories of long-term normal FPG levels over time, the highest CHD risk group had high FPG levels at baseline with an increasing trend until around age 55 years, followed by a decreasing trend thereafter. The associations were independent of other metabolic factors even after adjustment for baseline FPG, mean of FPG, and SD of FPG. Our study demonstrates the power of using the GBTM method to identify hidden information in repeated measurements of FPG, even within the normal range, which is hardly captured from single index of FPG. It was interesting that the FPG level decreased after age 55 years for participants in the high-increasing-decreasing group. One possible explanation was that such participants often possessed higher BMI, FPG, total cholesterol, triglycerides, LDL, and lower high-density lipoprotein at baseline, and they ought to have a higher risk for metabolic disorder. If they were still able to conduct their regular health check-up even after age 55 years, they should have been given some suggestions about lifestyle intervention from their physicians. Thus, their metabolic characteristics could be improved, and accordingly the FPG level might be a little lower than what they had been before. Further explanations should be investigated. A higher normal FPG level has been illustrated to be associated with higher levels of arterial stiffness, 13 the severity of coronary artery calcium, 14 and the risk of cardiovascular disease. 3 On the other hand, hypoglycemia or rapid changes in plasma glucose may lead to elevations of counterregulatory hormones, such as epinephrine and norepinephrine, and these increases induce vasoconstriction and platelet aggregation. 3, 15 Furthermore, there is evidence that rapidly increasing glucose concentrations, rather than gradual Our findings were from a sample with normal FPG levels throughout the study period, suggesting that those who remain normoglycemic may still have increased CHD risk if their FPG levels follow a certain changing pattern. Currently, those who have normal FPG levels easily go unnoticed in clinical practice. How findings in our study can be translated into clinical practice requires further follow-up studies. Perhaps we can identify a trajectory to which a given individual belongs based on the FPG measurements. Our study also demonstrates the utility of repeated routine health check-ups for improved risk assessment. It is anticipated that the models including trajectory information will have better prediction than models using only single glucose measurements. It seems relatively burdensome to use multiple examinations. However, as annual health check-ups become increasingly common, additional information from multiple examinations will be readily available.
The principal advantage of GBTM is that it does not assume a priori the existence of trajectories of a specific form, while it allows distinctive latent developmental trajectories that can be learned from the data. 8, 10, 11 GBTM differs from the common practice to define thresholds for FPG, as it instead focuses on the development trajectory to identify distinct, mutually exclusive groups of FPG development that may not be captured in conventional analytic approaches, providing a different one to identify those most at CHD risk. The method can theoretically integrate multiple trajectories from individuals at different ages to obtain overall trajectory parameters. Since our data included participants with an age range between 20 and 80 years, the overall FPG trajectory pattern can be described. Strengths of this study include a large study sample size, the use of repeated measures of study variables over time, and the robustness of observed associations. Limitations of our findings also need to be recognized. First, our outcome was determined from the medical insurance record, their linked hospital record, or their linked mortality record, rather than from research-quality disease diagnoses. Second, our data were from routine health check-ups. Findings in the current study may not be generalizable to other populations without such features. We did not have data on 2-hour PG and hemoglobin A1C, 2 markers that may follow different trajectories over time. However, they are often difficult to obtain from routine health check-ups in most developing countries, given that they are quite inconvenient and expensive. Finally, we did not have access to the drug information; one may argue that even patients with diabetes mellitus can control the FPG level to be normal through antidiabetic drugs. Nevertheless, considering that only 32.2% of diabetes mellitus patients received treatment, only 49.2% of those treated had adequate glycemic control, 19 and the proportion for long-term glycemic control should be insignificant.
Conclusions
In summary, we have identified 3 distinct trajectories of normal FPG levels and demonstrated that such trajectories are associated with the development of CHD in a large Han Chinese sample, which is independent of other metabolic factors including FPG levels. Individuals, even apparently healthy with long-term normal FPG, may be at increased risk of developing CHD if FPG levels follow a certain pattern. Future studies should address the underlying mechanisms and examine whether findings of our study can be translated into prevention and intervention measures.
